: Asymmetric hydrogenation of ketones catalyzed by Xy1BINAP/chiral diamine-Ru(II), To1BI-
Introduction
Asymmetric hydrogenation of ketones is a simple and fundamental transformation procedure to obtain optically active secondary alcohols (Scheme 1).1 When the reaction is conducted in the presence of an appropriate chiral catalyst, ketonic substrates are quantitatively converted to the chiral products in high enantiomeric excess (ee) without formation of by-products. The inherent high efficiency and productivity are appropriate for large-scale synthesis.2 Therefore, development of highly active and enantioselective catalysts for hydrogenation of ketones has been a central focus of attention from a practical as well as the academic point of view. 
XylBINAP/DAIPEN-Ru(II) Catalyst for Highly Enantioselective Hydrogenation
The To1BINAP/DPEN-Ru(II) catalyst exhibited high reactivity for hydrogenation of acetophenones (Scheme 2).5 However, the enantioselectivity was not very high, based on the standard of recent asymmetric syntheses. Fortunately, the stereoselectivity was notably increased when To1BINAP was replaced by a more bulky diphosphine, 2,2'-bis(di-3,5-xylylphosphino)-1,1/-binaphthyl (Xy1BINAP) (Figure 1 ).7 Acetophenone was hydrogenated with trans-RuC12
propy1-1,2-ethylenediamine) and t-C4H9OK in 2-propanol to afford (R)-1-phenylethanol in 99% ee (Scheme 3). The catalytic activity was still very high, so that the reaction with an S/C of 100,000 under 8 atm of H2 was completed in 48 hrs.
As shown in Figure  2 , cally active diarylmethanols is difficult for two reasons: 1) the product alcohols readily undergo hydrogenolysis to form the diarylmethanes; 2) it is difficult to differentiate between two similar aromatics. Hydrogenation of 2-substituted benzophenones catalyzed by the (S)-XylBINAP/(S)-DAIPENRu(II) complex with t-C4H9OK quantitatively gave the S diarylmethanols in excellent ee (Scheme 4). 8 No detectable amount of diarylmethane was obtained. The basic condition was favorable to inhibit the acid-catalyzed C-O bond cleavage of diarylmethanols. The sense of enantioselectivity suggests that 2-substituted phenyl rings behave in a manner similar to alkyl groups. The 2-substituted aromatic ring may be inclined out of the carbonyl plane, because steric and/or electrostatic repulsive interaction between the carbonyl moiety and the substituent X at the 2 position exists (see figure in Scheme 4).
The XylBINAP/DAIPEN-Ru(II) catalyst was effective for asymmetric hydrogenation of heteroaromatic ketones (Scheme 5).9 Several furyl, thienyl, and pyridyl ketones were converted to the chiral alcohols in equally high ee. The 7-electron-rich or -deficient properties of heteroaromatic rings did not affect the stereoselection.
The reaction of 2-thiazoyl methyl and 2-pyridyl methyl ketones was not completed under the standard conditions, because the product alcohols can bind onto the Ru center as bidentate ligands. This problem was solved by the addition of a small amount of B[OCH(CH3)2]3 (ketone:Ru:borate = 2000:1:20), which is known as an amino-alcohol scavenger. Hydrogenation of 2,6-diacetylpyridine afforded the chiral diol with perfect enantio-and diastereoselectivity. The addition of borate was not required in this reaction.
Cyclopropyl methyl ketone was hydrogenated with 95% optical yield in a reaction catalyzed by the XylBINAP/ DAIPEN-Ru(II) complex (Scheme 6).7 The high enantioselectivity was caused by not only steric hindrance but also the specific electronic properties of the cyclopropyl group. Thus, the reaction of cyclohexyl methyl ketone resulted in 85% optical yield. The high p-character-orbital of cyclopropyl carbon enables this cycloalkyl moiety to behave like an aromatic group. In a similar manner, pyruvic aldehyde dimethylacetal was hydrogenated to afford the hydroxy acetal in 98% ee. 7 One of the notable characteristics of our hydrogenation is a high carbonyl-selectivity in the presence of C-C multiple bonds.7 '10 As shown in Scheme 7, an unconjugated olefinic ketone was hydrogenated with the Xy1BINAP/DAIPEN-Ru(II) catalyst to give the olefinic alcohol quantitatively.9 This catalyst system is also effective for hydrogenation of a,B-unsaturated ketones, affording the optically active allylic alcohols (Scheme 8).7 When benzalacetone was hydrogenated in the presence of trans-RuC12
with an S/C of 100,000 and K2CO3 in 2-propanol, the R allylic alcohol in 97% ee was obtained quantitatively. No saturation of olefinic linkage was observed. Use of a weak alkaline base K2CO3 suppressed the base-promoted side reactions of enones. A series of enones with di-, tri-, and tetra-substituted olefins was converted to the allylic alcohols in high ee. A strong alkaline base was usable for reaction of multi-substituted substrates.
a-Amino and a-amido acetophenones are suitable substrates for hydrogenation with the Xy1BINAP/DAIPENRu(II) catalyst (Scheme 9).11 Hydrogenation of a-dimethylaminoacetophenone catalyzed by the RIR complex afforded the R amino alcohol in 93% ee. The sense of enantioselection was the same as that observed in the reaction of simple acetophenone.
Introduction of acyl or alkoxy carbonyl groups on nitrogen to decrease the influence of the amino group increased the enantioselectivity. For example, al(benzoy1)(methyDamino]acetophenone was quantitatively converted to the B-amido alcohol in 99.8% ee. a-Methoxyacetophenone was also hydrogenated to give the B-methoxy alcohol in 95% ee.4
Asymmetric hydrogenation of racemic ketones through dynamic kinetic resolution is an efficient transformation procedure to obtain enantiomerically and diastereomerically enriched alcohols.12'13 Racemic a-arylated cycloalkanones are suitable substrates for this purpose. When a-phenylcyclohexanone (0.5 M) was hydrogenated with trans-RuC12[(R)- [a] Diluted condition (0.1 M) was required. tolbinap][(R,R)-dpen] at an S/C of 100,000 in t-C4H9OK (18 mM) containing 2-propanol under 8 atm of H2, the 1S,2S alcohol in 99.6% ee was obtained quantitatively (Scheme 10).14 The perfect cis selectivity was caused by the reduction from the equatorial direction, demonstrating that the active RuH species acts as a bulky metal hydride.15 The basic alcoholic media accelerated the rate of equilibrium between two enantiomers of the chiral ketone. The electronic properties and size of the aromatic substituents did not substantially affect the stereoselectivity. To achieve the best performance on both enantio-and diastereoselectivity the catalyst structure should be selected carefully according to the ring size of cycloalkanones. The (R)-Xy1BINAP/(R)-DAIPEN-Ru (II) catalyst was most suitable for hydrogenation of a-phenylcyclopentanone, affording the 1S,2S alcohol (cis:trans = 100:0) in 98% ee. For hydrogenation of a-phenylcycloheptanone the combination of (R)-To1BINAP and (S,S)-DPEN (not R,R) was best. Ketonic substrates possessing an azacyclohexanone structure were also hydrogenated with high stereoselectivity.14 3 .
RuH(ƒÅ1-BH4) (binap) (dpen) for Hydrogenation under
Base-free Conditions and Elucidation of the Reaction Mechanism RuC12(diphosphine)(1,2-diamine) with an alkaline base achieved high reactivity and enantioselectivity for hydrogenation of simple ketones. The addition of base in 2-propanol is necessary to form an active RuH species from the catalyst precursor. However, this catalyst system is obviously not suitable for the reaction of base-sensitive ketones. Therefore, we aimed to develop a RuH complex that is sufficiently stable for use as a reagent.
trans-RuH(nl-BH4)[(S)-xylbinap][(S,S)-dpen]
prepared from the corresponding RuC12 complex and an excess amount of NaBH4 showed excellent catalytic activity for hydrogenation of acetophenone in 2-propanol without addition of an alkaline base (Scheme 11). 16 The reaction with an S/C of 100,000 under 8 atm of H2 quantitatively gave the R alcohol in 99% ee. Interestingly, when a small amount of t-C4H9OK was added to this system, the reaction was completed within 45 mins without loss of enantioselectivity.
The Rul-1(71-BH4) complex was applied to hydrogenation of base-sensitive ketones (Scheme 12). 16 As shown in Scheme 8, reaction of 3-nonene-2-one required a high-dilution condition (0.1 M) with the RuC12-t-C4H9OK system to obtain the desired product predominantly.7 When the transformation was conducted with the base-free system (2.0 M), the allylic alcohol in 99% ee was obtained in 95% yield. No detectable amounts of polymeric compounds or other by-products were observed. Acetophenone bearing an ethoxycarbonyl group at the para position was reduced without base-assisted transesterification. The mono-substituted epoxy moiety was not injured in the reaction of the keto glycidyl ether. B-Amino ketones are easily converted to the vinylic ketones by a treatment with base. However, the desired amino alcohol was obtained quantitatively by hydrogenation of 3-(dimethyl)aminopropiophenone under the base-free conditions.11,16
Scheme 13 shows our proposed catalytic cycle for hydrogenation of acetophenone with trans-RuH(71-BH4)(tolbinap)(dpen) (13A) in 2-propanol based on some kinetic and spectroscopic experiments.17 The excellent activity of this catalyst is rationalized by a nonclassical "metal-ligand cooperative mechanism" using the NH functionality. The precatalyst 13A is converted to the cationic species 13B with the loss of BH4-moiety in an alcoholic solvent. 13B and an H2 molecule form cationic 13C, which undergoes deprotonation with a solvent molecule to afford the active RuH2 species 13D. This process is promoted by a base. Ketone is prompt- ly reduced by 13D, resulting in the alcoholic product and the 16-electron Ru-amide complex 13E. This species is easily protonated in an alcoholic solvent to regenerate the cationic amino complex 13B, while it partially returns to 13D by reaction with H2. The active species 13D has a fac-structure for the hydride and two nitrogen atoms of the diamine, so that this species and a ketonic substrate react smoothly through the six-membered pericyclic transition state 13F. Ketone is hydrogenated in the outer coordination sphere of 13D, where neither ketone/Ru nor alkoxy/Ru interaction is involved. Therefore, this hydrogenation shows very high carbonylselectivity over carbon-carbon multiple linkages (see Scheme 7 and 8).7,9,10,16 For hydrogenation of simple ketones, the (S)-To1BINAP/ (S,S)-DPEN (or RI R,R) combination is crucial to achieve high enantioselectivity.3,5,18 A transition-state model in hydrogenation of acetophenone with the (S)-To1BINAP/ (S,S)-DPEN-RuH2 catalyst is depicted in Figure 3 .17 (S)-To1BINAP and (S,S)-DPEN bind to the Ru center in a plane forming the C2-symmetric RuH2 complex. The skewed five-membered chelate ring of DPEN makes two kinds of diastereotopic hydrogens on the nitrogens. The axially directed hydrogens (Hax) are more reactive than the equatorial ones, because the H8--Ru3+-N3--Hax3+ moiety with a smaller dihedral angle suitably interacts with the C6+=06-group. Therefore, the hydride on Ru and the amine proton are concomitantly transferred onto the carbonyl carbon and the oxygen, respectively. Acetophenone approaches the difunctional reaction site in a manner that minimizes steric repulsion and maximizes electronic attractive interaction. The Si-3A is a preferable transition state (TS) to the diastereomeric Re-3A, because the Re-TS sustains serious nonbonded repulsion between the P-tolyl group of To1BINAP and the acetophenone phenyl ring. The secondary attractive interaction between the NH, and the phenyl ring of acetophenone could further stabilize the Si-3A. This TS model is supported by the fact that the use of sterically more hindered Xy1BINAP achieves higher enantioselectivity (see Scheme 11).7'16 4 . Development of New Diphosphine/Diamine-Ru(II)
Catalysts for Construction of Various Chiral Environments
The chiral environment of diphosphine/diamine-Ru(II) catalysts is cooperatively constructed by these two optically active ligands. The features are easily modified by changing the ligand combination. For instance, the Xy1BINAP/1,2-diamine-Ru(II) catalyst systems showed only moderate activity and enantioselectivity for hydrogenation of 1-tetralones. However, this problem was solved simply by using chiral 1,4-diamines instead of conventional 1,2-diamine ligands. When 5-methoxy-l-tetralone was hydrogenated with
at an S/C of 55,000 under 9 atm of H2 in a base containing 2-propanol, the R alcohol in 98% ee was obtained quantitatively (Scheme 14). Si-3A (favored) Re-3A (unfavored) hols in 96% ee and 80% ee, respectively.19,20 tert-Alkyl ketones are difficult substrates to hydrogenate, clearly, because of their steric hindrance. We hypothesized that an appropriate chiral catalyst with a big pocket around the reaction site would achieve high reactivity. Indeed, pinacolone was hydrogenated with RuC12[(S)-tolbinap](pica) (PICA = a-picolylamine) (diastereomeric mixture) at an S/C of 100,000 in a basic ethanol to afford (S)-3,3-dimethy1-2-butanol in 98% ee quantitatively (Scheme 15).21,22 The degree of enantioselectivity was decreased to 36% in the reaction in 2-propanol. A series of t-butyl ketones with aliphatic, aromatic, heteroaromatic, and alkenyl groups was reduced with excellent stereoselectivity. 2,2-Dimethyl-l-tetralone and -indanone , as well as 1-adamantyl ketone were hydrogenated in the same manner. Hydrogenation of a,a-dimethyl /3-keto esters quantitatively gave the S hydroxy esters in high ee. 21 The sense of enantioselection was the same as that in the reaction of simple t-alkyl ketones. According to our reaction mechanism described in Scheme 13, one NH2 group in the diamine ligand on the Ru center is enough to achieve catalytic activity.17 We found that the To1BINAP/DMAPEN-Ru(II) catalyst (DMAPEN = 2-dimethylamino-l-phenylethylamine)
shows high reactivity and unique enantioselective properties in hydrogenation of ketones.23 When phenylglyoxal diethylacetal was hydrogenated with RuC12[(S)-tolbinap][(R)-dmapen] and t-C4H9OK in 2-propanol, the R alcohol in 96% ee was obtained quantitatively (Scheme 16). The reaction with the (R)-Xy1BINAP/ (R)-DAIPEN-Ru(II) catalyst, which is our best system for hydrogenation of simple aromatic ketones, gave the R product in only 37% ee.4 The (S)-To1BINAP/(R)-DMAPENRu(II) complex catalyzed hydrogenation of a series of arylglyoxal dialkylacetals with high enantioselectivity. Interestingly, the degree and sense of enantioselectivity were the same as those in the reaction with sec-alkyl aryl ketones, suggesting that this catalyst recognized dialkylacetal moieties as just sec-alkyl groups. When this catalyst system was applied to asymmetric hydrogenation of racemic 2-(benzoylmethylamino)propiophenone, the (1R,2R)-amido alcohol (syn: anti = >99:1) in 98% ee was obtained through base-assisted dynamic kinetic resolution (Scheme 17). 23 The reaction of 2-(pivaloylamino)propiophenone proceeded in the same way. The excellent syn selectivity is explained by the Felkin-Anh model with a bulky metal hydride.24 The (S)-To1BINAP/(R)-DMAPEN-Ru(II) catalyzed hydrogenation of racemic benzoin methyl ether preferentially gave the 1R,2S alcohol (syn:anti = 3:97) in 98% ee. The stereoselective outcome suggests that the catalyst system differentiates the a-methoxy moiety and the a-phenyl group purely by size and not by electronegativity.
Beyond the Border between Hydrogenation and
Transfer Hydrogenation
Asymmetric hydrogenation of ketones and the transfer hydrogenation using organic compounds as hydride donors are complementary processes for the synthesis of optically active alcohols. Figure 4 illustrates typical structures of our BINAP/DPEN-Ru(II) complex5 for hydrogenation and a nesulfony1)-1,2-diphenylethylenediamine)25 for transfer hydrogenation.
These complexes have a common partial structure that is surrounded with lines in the figure; however, their performances as catalysts vary widely. As shown in Scheme 18, an arene/TsDPEN-Ru(II) complex 18A (X = Cl) in basic 2-propanol is converted to the 16-electron amide complex 18B with a release of HC1 along the dotted arrow.25,26 Reaction of 18B with 2-propanol affords the active complex 18C and acetone. Then, 18C smoothly reduces ketone, reproducing 18B with chiral alcoholic products. In the hydrogenation catalyst cycle shown in Scheme 13, the amide complex 13E is spontaneously protonated by an alcoholic solvent to give the cationic species 13B, which activates H2 to generate the active RuH2 complex 13D via the H2-bound species 13C.17 We therefore considered that 18A 
could be a hydrogenation catalyst under an appropriately acidic condition, under which the amide complex 18B would be smoothly protonated to give a cationic species 18D (Scheme 18). Molecular H2 reversively binds to 18D, forming the cationic 18E followed by deprotonation to generate active 18C. As we expected, 18A (X = CO showed reactivity for hydrogenation of ketones in CH3OH (e = 33), which is more polar than 2-propanol (e = 20).27,28 Use of Ru triflate 18A (X = OTf) achieved even higher reactivity.
The new 76-arene/TsDPEN-Ru(II) triflate promotes asymmetric hydrogenation of ketones under a neutral to slightly acidic condition. This characteristic is advantageous for the reaction of seriously base-labile ketones. a-Hydroxy aromatic ketones are difficult substrates to hydrogenate by the arene/TsDPEN-Ru(II) catalysts, although the electronic properties of these substrates are related to those of a-chloro ketones. Fortunately, an isoelectronic Cp*Ir(OTf)(MsDPEN) (Cp* = pentamethylcyclopentadienyl, MsDPEN = N-(methanesulfony1)-1,2-diphenylethylenediamine) showed an excellent catalyst performance for this reaction (Scheme 21).32 Hydrogenation of a-hydroxyacetophenone with the (S,S)-MsDPEN-Cp*Ir(III) triflate at an S/C of 6000 in CH3OH at 60 t under 10 atm of H2 afforded the R diol in 96% ee. Interestingly, the highly similar TsD-PEN-Cp*Ir(III) triflate gave the diol in only 12% yield and 86% ee under the same conditions.33
The MsDPENCp*Ir(III)-catalyzed hydrogenation produced a series of aromatic diols in equally high ee. 2-Thienyl ketone was reduced with nearly perfect enantioselectivity.
Hydrogenation of 1-hydroxy-2-propanone, a simple aliphatic hydroxy ketone, gave 1,2-propanediol in 80% ee.32,34 6 . Application to the Synthesis of Biologically Active
Compounds
Asymmetric hydrogenation with the Xy1BINAP/chiral diamine-Ru(II), To1BINAP/PICA-Ru(H), n6-arene/ TsDPEN-Ru(II), and MsDPEN-Cp*Ir(III) catalysts provides a variety of chiral alcohols in high stereoselectivity. Some of these alcohols are useful biologically-active compounds or their synthetic intermediates. Figures  58,11,14,16,20,21,23,35 and 630,32,36 present sample compounds which can be synthesized through the asymmetric hydrogenation of ketones. Ro 67-886735a and L-869,29835b in Figure 5 were industrially synthesized by using the diphosphine/diamineRu(II)-catalyzed hydrogenation. I am grateful to all of my collaborators at Hokkaido University, Nagoya University, Kanto Chemical Co. Inc., and Nippon Soda Co., Ltd. for their devoted efforts. Their names are acknowledged in the cited publications. This work was supported by a Grant-in-Aid from the Japan Society for the Promotion of Science (JSPS) (No. 18350046).
